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Introduction: Impact cratering has dominated the evo-
lution and modification of planetary surfaces through-
out the history of the solar system. Impact craters can 
serve as probes to understanding the details of a plan-
etary subsurface; for example, Oberbeck and Quaide 
[1-2], suggested that crater morphology can be used to 
estimate the thickness of a regolith layer on top of a 
more competent unit. Lunar craters show a morpho-
logical progression from a simple bowl shape to flat-
floored and concentric craters as crater diameter in-
creases for a given regolith thickness.  
The final shape of the impact crater is a result of 
the subsurface flow-field initiated as the projectile 
transfers its energy and momentum to the target sur-
face at the moment of impact. Therefore, when a reg-
olith layer is present over a stronger substrate, such as 
is the case on the lunar surface, the substrate modifies 
the flow-field and thereby the excavation flow of the 
crater, which is reflected in the morphology of the final 
crater. Here we report on a series of experimental im-
pacts into targets composed of a thin layer of loose 
sand on top of a stronger substrate.  We use the Ejec-
tion-Velocity Measurement System (EVMS, Fig. 1) de-
veloped by [3] to examine the ejecta kinematics during 
the formation of these craters. 
 
 
 
Experiment Design: Experimental impacts were per-
formed in near-vacuum (< 1 torr) with with 4.76-mm 
aluminum projectiles impacting the target at 1.54 km/s 
(± 0.02 km/s) and normal to the target surface. A well-
sorted quartz sand (0.4-0.8 mm grain size) served as a 
regolith layer of varying thickness over a stronger sub-
strate made of chemically bonded sand (grain size < 0.5 
mm). The thickness of the regolith was varied from 0 to 
5 cm. These impacts were compared to a control exper-
iment that used a 12-cm deep target of the unbonded 
0.4-0.8 mm sand [4]. 
The EVMS projects a vertical laser sheet perpen-
dicular to the target surface and passing through the 
impact point, thus illuminating a vertical slice of the ad-
vancing ejecta curtain (Fig. 1). This laser is strobed at a 
pre-defined rate and particles are illuminated multiple 
times along their ballistic trajectories as imaged by the 
camera (Fig. 2). The resulting image is digitized and pro-
cessed to determine ejection position, angle, and 
speed that can be related through scaling relationships 
[e.g., 3]. 3D scans were also recorded before and after 
each experiment, permitting close examination of the 
final crater morphology and morphometry with respect 
to the original stratigraphy of the target. (Please see 
Anderson et al., this conference [5], for our related dis-
cussion of crater morphometries observed in these ex-
periments.)   
 
 
 
Initial Results:  As expected, the ejecta kinematics of 
the control target with no stronger substrate at depth 
was typical (Fig. 2). The addition of the stronger sub-
strate below the regolith layer, however, produced a 
much more complex pattern of ejecta (Fig. 3). As of this 
writing, we can make four major observations from the 
EVMS images obtained during this series of experi-
ments. (1) Much of the ejected material is still part of a 
typical curtain moving outward with time as the crater 
is excavated, but (2) there are some interesting “dog-
legs” or kinks that appear in the shape of the advancing 
Figure 1. Ejection-Velocity Measurement System (EVMS).  
Figure 2. Experimental impact of 4.76-mm Aluminum 
sphere into a control target composed entirely of loose 
sand. Note the well-behaved ejecta trajectories. 
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ejecta curtain. (3) There are a number of ejected parti-
cles that move along low-speed, high-angle trajecto-
ries. We had never seen such trajectories in our exper-
iments prior to adding the stronger layer at depth. (4) 
The relative number of these high-angle trajectories in-
creases as the regolith layer thins.  It is clear that this 
excavation-stage flow is a result of the stronger sub-
strate.  
 
 
 
Current Work:  As a result of this very complicated 
ejection sequence, we have modified our method of 
obtaining and analyzing EVMS images. Since the shut-
ter of the EVMS camera is left open for all of crater 
growth (about 600 msec total) while the laser is 
strobed, we do not know exactly when during rater ex-
cavatin these high-angle ejecta particles appear. Thus, 
we have completed a second series of impact experi-
ments using only 2-cm thick regolith targets and setting 
the EVMS to capture the ejecta in 10-20-msec snap-
shots (Fig. 4) over the entire course of crater growth. 
We have begun processing these EVMS images and ex-
ploring how the ejecta kinematics in the layered targets 
differ from that of the control experiment (Fig. 5). 
Should these observations hold up and scale with 
crater size, these results imply that self-secondary cra-
tering [6] would require the presence of a strong sub-
surface layer below the impact site. 
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Figure 3. EVMS image of target with 2-cm thick sand layer 
on top of stronger substrate.  
Figure 4. (A) 5-15 msec and (B) 35-55 msec after impact. 
Figure 5. Ejection-speed scaling for ejecta observed dur-
ing impacts into 2-cm thick regolith targets (Figs. 2 & 4). 
Note the low-velocity particles that are ejected from very 
near to the crater center. These particles also have very 
high ejection angles (> 50°). 
 
